Using archival Spitzer Space Telescope data, we identified for the first time a dozen runaway OB stars in the Small Magellanic Cloud (SMC) through the detection of their bow shocks. The geometry of detected bow shocks allows us to infer the direction of motion of the associated stars and to determine their possible parent clusters and associations. One of the identified runaway stars, AzV 471, was already known as a high-velocity star on the basis of its high peculiar radial velocity, which is offset by ≃ 40 km s −1 from the local systemic velocity. We discuss implications of our findings for the problem of the origin of field OB stars. Several of the bow shockproducing stars are found in the confines of associations, suggesting that these may be "alien" stars contributing to the age spread observed for some young stellar systems. We also report the discovery of a kidney-shaped nebula attached to the early WN-type star SMC-WR3 (AzV 60a). We interpreted this nebula as an interstellar structure created owing to the interaction between the stellar wind and the ambient interstellar medium.
Introduction
Gravitational interaction between massive stars in the cores of young star clusters results in ejection of a significant fraction of these stars from the parent clusters (e.g. Pflamm-Altenburg & Kroupa 2006; Moeckel & Bate 2010) . The ejected (runaway) stars form the population of field OB stars that end their lives in supernova explosions hundreds of parsecs from their birthplaces. The high velocities of runaway OB stars can be revealed either directly, via measurement of their proper motions and/or radial velocities (e.g. Moffat et al. 1998; Mdzinarishvili & Chargeishvili 2005; Massey et al. 2005; Evans et al. 2010) , or indirectly, through the detection of bow shocks generated ahead of supersonically moving stars (Gvaramadze & Bomans 2008b; Gvaramadze, Kroupa & Pflamm-Altenburg 2010a , hereafter Paper I). The proper motions can be used to trace the trajectories of the field stars back to their parent clusters, hence to prove their runaway nature (e.g. Hoogerwerf, de Bruijne & de Zeeuw 2001; Schilbach & Röser 2008) . But the proper motions can be measured with a high confidence only for very highvelocity or relatively nearby stars. Measurements of radial velocities can be used to prove the runaway nature of the field stars as well, but taken alone they do not allow us to infer the birth clusters of the stars. For distant OB stars, detection of bow shocks provides a unique possibility not only to show that these stars are runaways, but also to infer the direction of their motion on the sky and thereby to search for their likely parent clusters and OB associations (Gvaramadze & Bomans 2008b; Paper I) .
The necessary conditions for the existence and detection of bow shocks are that the associated stars are moving through the interstellar medium with a supersonic velocity (> 10 km s −1 , in the warm ionized medium) and that the ambient medium is dense enough to ensure a sufficiently high emission measure of the bow shocks (either in H α or in the infrared). Observations show that < ∼ 20 per cent of runaway OB stars are associated with (detectable) bow shocks (Van Buren, Noriega-Crespo, & Dgani 1995; Noriega-Crespo, Van Buren & Dgani 1997; Huthoff & Kaper 2002) .
Identification of runaway stars via the detection of their bow shocks was used by us to search for OB stars running away from young star clusters in the Milky Way (Gvaramadze & Bomans 2008a,b; Gvaramadze et al. 2010b) and to prove the runaway nature of the very massive field stars in the Large Magellamic Cloud (LMC; Paper I). In the latter case, we detected bow shocks around several field OB stars (the first-ever detection of bow shocks generated by extragalactic stars), one of which, the O2 V((f*)) star BI 237, had been earlier proposed as a candidate runaway star owing to its high peculiar radial velocity (Massey et al. 2005) . A logical extension of this work is to use the same approach to identify runaway stars in the Small Magellanic Cloud (SMC), after the LMC our next closest dwarf galaxy, where bow shocks can still be resolved with modern infrared telescopes. In this paper, we present the results of a systematic search for bow shock-producing stars in the SMC, using the Spitzer Space Telescope archival data. Throughout the paper we use a distance of ≃ 60 kpc for the SMC (Hilditch, Howarth & Harries 2005) so that 1 ′ corresponds to ≃ 17 pc. Chiosi et al. (2006) . 
Search for bow shocks in the SMC
To search for bow shocks in the SMC, we utilized the publicly available imaging data from the Spitzer Space Telescope archive. Using the Leopard software, we retrieved images of the SMC obtained with the Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) in the framework of the S 3 MC (ID 3316 1 ; Bolatto et al. 2007 ) and the SAGE-SMC (ID 40245 2 ) projects. Our search was directed to the detection of arclike structures associated with known OB stars. The typical linear size of bow shocks produced by runaway OB stars is several parsec, which at the distance of the SMC corresponds to the angular size of several tens of arc seconds; we therefore limited ourselves to the search for structures of this angular size. From our experience in the search for bow shocks generated by run-
Fig. 2. 6
• × 6
• DSS-II image of the SMC and its environments, with the positions of bow shock-producing stars marked by circles. Crosses indicate the positions of all 12 known Wolf-Rayet stars in the SMC, one of which, SMC-WR3, is marked out by a large cross (see text for details). North is up and east to the left. away OB stars (e.g. Paper I), we know that the bow shocks are visible mostly in MIPS 24 µm images, so that we utilized the 24 µm data alone. The angular resolution of these data of 6 arc seconds is comparable to or several times smaller than the expected angular size of bow shocks in the SMC.
Visual inspection of the MIPS 24 µm images of the SMC revealed numerous diffuse structures whose arc-like morphology suggests that they could be bow shocks. Using the SIMBAD database 3 and the VizieR catalogue access tool 4 , we found that most of these structures (see Fig. 1 for four examples) are associated with known OB stars, which strengthens their interpretation as bow shocks. The details of the bow shock-producing stars (listed in order of their RA) are presented in Table 1 . The equatorial coordinates of the stars were taken from the 2MASS catalogue (Skrutskie et al. 2006) . Column 5 gives the references from which the spectral classification was obtained. Note that the spectral type of [MB2000] 37 was estimated photometrically (Oblak & Chareton 1981) . Similarly, three other stars in the table were identified by Oey et al. (2004) as OB stars on the basis of the UBVR survey data of Massey (2002) for the SMC. Follow-up spectroscopy of these four stars is required to refine their spectral types and thereby to check whether their ages are consistent with the ages of their likely parent clusters and associations (see below). Figure 2 shows the optical (red band) image of the SMC from the Digitized Sky Survey II (DSS-II; McLean et al. 2000) with the positions of bow shock-producing stars indicated by circles 5 . As expected, the majority of bow shock-producing stars reside in the main body (the bar) of the SMC, where most of star-forming regions and young star clusters are located (e.g., Harris & Zaritsky 2004) . For illustrative purposes, we indicated in Fig. 2 the positions of all 12 known Wolf-Rayet (WR) stars in the SMC, which represent the population of very massive and very young stars (Massey et al. 2000) and therefore closely trace the regions of ongoing star formation. Two of the bow shock-producing stars, namely AzV 471 and [M2002] SMC 83962, were detected in the wing of the SMC (the brightest section of a stellar system extending eastward from the SMC towards the LMC).
To identify possible birthplaces of the bow shock-producing stars, we searched for nearest young ( < ∼ 10 Myr) star clusters and associations, located in the opposite direction of stellar motion (inferred from the geometry of the bow shocks). The coordinates of clusters and associations and their approximate boundaries were taken from the catalogue by Bica & Dutra (2000) , while the ages were taken from Chiosi et al. (2006) , Massey et al. (2000) , and Hodge (1983) . For one of the associations, [BS95] 134, we were unable to find the age estimate. The results from this search are summarized in Table 1 , where we give also the separations (in projection) of the stars from the centres of their possible parent clusters and associations, and the ages of the clusters and the associations. Using the figures from the last two columns of Table 1 and assuming that the stars were ejected in the field at the very beginning of dynamical evolution of the parent stellar systems, one can estimate their minimum ejection velocities, i.e., ejection velocity ( km s −1 ) = separation (pc)/age (Myr). For most stars, the (minimum) ejection velocities are quite moderate (< 30 km s −1 ), so that they cannot be formally classified as runaways (Blaauw 1961) . On the other hand, one cannot exclude the possibility that the detected bow shockproducing stars were ejected from the more distant clusters and associations or that they left their birthplaces after several Myr of cluster evolution (e.g. because of the binary supernova explosions). High-precission proper motion measurements (e.g. with the future space astrometry mission Gaia) are therefore required to resolve the issue. Figure 3 shows four bow shocks (indicated by solid circles) and the trajectories of their associated stars (shown by arrows), as suggested by the geometry of the bow shocks. The origin of the trajectories corresponds to possible birth associations, whose boundaries are indicated by dashed circles and ellipses. One can 5 The image was generated by the NASA's SkyView facility (McGlynn, Scollick & White 1996) . see that two stars, AzV 75 and AzV 77, are located (at least in projection) within the associations DEM S 54 and DEM S 55, respectively. The detection of the bow shocks generated by these stars (see Fig. 1c for the MIPS 24 µm image of the bow shock generated by AzV 77) implies that they are runaways and that they therefore were injected into their host associations from the nearby ones, probably from the associations SMC ASS 22 and DEM S 54 (cf. Gvaramadze & Bomans 2008b; Paper I) . The geometry of the bow shock-producing stars, AzV 56 and [MB2000] 37 (Fig. 1a) , suggests that they were ejected from DEM S 55 and DEM S 47, respectively. Figure 4 shows three other bow shocks and the bow shock (generated by [MB2000] 37) already shown in Fig. 3 . The orientation of the bow shocks around [MB2000] 37 (Fig. 1a) , AzV 26 (Fig. 1b) and [M2002] SMC 12977 suggests that the first two stars were injected into the association DEM S 32, while the third star, on the contrary, was ejected from the association. The orientation of the bow shock associated with [M2002] SMC 9824 is consistent with the possibility that this star was ejected from DEM S 45. Figure 5 shows the area to the southeast of the giant starforming region NGC 346. The rich population of very massive stars (including the Luminous Blue Variable/WR binary HD 5980; e.g. Koenigsberger et al. 2010 ) and significant mass segregation in NGC 346 (e.g., Hennekemper et al. 2008; Sabbi et al. 2008) suggest that this region should be effective in producing runaway stars. It might therefore be expected that some of the ejected stars would manifest themselves in bow shocks. Despite this expectation, we found only one bow shock-producing star around NGC 346, and this star, AzV 242, is instead moving towards NGC 346. (Fig. 6) . The bow shockproducing star AzV 471 is located not far from the N83/N84 star-forming region (Henize 1956 ) of the inner wing of the SMC (Fig. 7) . The orientation of the bow shock (see Fig. 1d ) is consistent with the possibility that the star was ejected from the association NGC 456. The last bow shock-producing star, [M2002] SMC 83962, is located to the east from the association NGC 602c (Fig. 8) , which contains the only WO star, SK 188, known in the SMC 6 . The relative position of the bow shock, the star, and the association on the sky are consistent with the possibility that [M2002] SMC 83962 was ejected from NGC 602c.
We also searched for infrared nebulae around all 12 known WR stars in the SMC; see Massey, Olsen & Parker (2003) for a list of these stars, and Fig. 2 for their distribution on the sky. We detected a kidney-shaped nebula attached to the WN3h+O9 (Foellmi et al. 2003a ) star SMC-WR3 (also known as AzV 60a; indicated in Fig. 2 by a large cross) . The geometry of the nebula (Fig. 9) suggests that it could be either a bow shock or a circumstellar nebula, similar to those produced by the WN6 (Hamann, Gräfener & Liermann 2006) star WR 136 in the Milky Way and the WN8h (Smith, Shara & Moffat 1996) star Brey 13 in the LMC [see, respectively, Fig. 2i and Fig. 2q in Gvaramadze, Kniazev & Fabrika (2010c) for the MIPS 24 µm images of these nebulae]. But because circumstellar nebulae produced by WR stars are observed exclusively around late-type WN stars (Gvaramadze et al. 2010c and references therein) , that is, young WR stars whose wind still interacts with the dense circumstellar material (Gvaramadze et al. 2009a) , we inclined to interpret the detected nebula as an interstellar structure, either a bow shock created ahead of the supersonically moving star or a bright rim of a wind-driven bubble blown-up in the inhomogeneous (dense) ambient interstellar medium. Nebulae of similar (linear) size and morphology were detected around the WN2b(h) (Foellmi, Moffat & Guerrero 2003b) star Brey 2 in the LMC (Chu, Weis & Garnett 1999 ; see also Fig. 10a for the MIPS 24 µm image of the nebula) and the Galactic WN4 (Hamann et al. 2006 ) star WR 18 [see Fig. 10b for the Midcourse Space Experiment (MSX) satellite (Price et al. 2001 ) image of the nebula]. Both nebulae have normal chemical composition (Garnett & Chu 1994; Esteban et al. 1993 ) and therefore are composed of a material swept-up by the stellar wind from the local interstellar medium. We predict that the nebula associated with SMC-WR3 should also have the same abundances as the ambient interstellar medium. Moreover, if the detected nebula is a bow shock, then the possible birthplace of SMC-WR3 is the ≃ 4 Myr old association SMC ASS 16 located at 6. ′ 7 (or ≃ 120 pc in projection) to the southwest of the star.
Discussion and conclusion
The detection of bow shocks associated with a dozen field OB stars in the SMC unambiguously proves their runaway nature. It is therefore likely that most (and probably all) massive stars in the field are runaways as well (cf. de Wit et al. 2005; Schilbach & Röser 2008; Gvaramadze & Bomans 2008b; Pflamm-Altenburg & Kroupa 2010) . Some support for this possibility comes from the observational fact that the velocity dispersion for the O-type stars in the field of the SMC is greater by ≃ 25 per cent than that for the O stars located within 30 pc from the known clusters and associations (Evans & Howarth 2008) .
Another interesting finding by Evans & Howarth (2008) is that the velocity dispersion for all O stars in the SMC is larger than that for the less massive (BA) stars. Evans & Howarth (2008) suggested that this difference is owing to the effect of undetected massive binaries and runaways. This suggestion is consistent with the observational fact that the percentage of runaway stars is highest among the O stars (e.g. Gies 1987; Blaauw 1993; Zinnecker & Yorke 2007) and that the binary frequency increases with the stellar mass (Larson 2001; Clark et al. 2008) .
Like in the Milky Way and the LMC, the runaway nature of some field stars in the SMC can be confirmed via detection of their high peculiar radial velocities. Measurements of radial velocities for > ∼ 2000 stars in the SMC by Evans & Howarth (2008) show that a significant number of OB stars have heliocentric radial velocities much higher than the SMC's systemic velocity, so that one can expect that at least some of these stars are runaways (cf. Lamb & Oey 2008) . The sample of stars studied by Evans & Howarth (2008) contains only one of the dozen of bow shock-producing stars listed in our Table 1 . Interestingly, the radial velocity of this star, AzV 471, is offset by ≃ 40 km s −1 from the local systemic velocity of the star-forming region N83/N84, where the star is situated. This offset along with the detection of the bow shock generated by AzV 471 undoubtedly proves the runaway nature of the star. Thus, one might expect that measurements of radial velocities for other stars from our list would result in the detection of similar offsets as well.
In our search for bow shock-producing stars we found that some of them are located (at least in projection) within the confines of known associations. The presence of bow shocks around these stars, however, implies that they are runaways and therefore were instead injected into their host associations from the nearby ones (cf. Gvaramadze & Bomans 2008b; Paper I) . From this it follows that the contamination of the stellar content of associations by "alien" OB stars may contribute to the age spread observed for some young stellar systems (e.g. Massey 2003) .
To conclude, we note that searches for bow shocks with the next generation of space infrared telescopes along with future high-precision proper motion measurements for massive field stars with the space astrometry mission Gaia will allow us to solve the problem of whether the massive stars form solely in the clustered mode and subsequently leave their parent clusters because of the gravitational interaction with other massive stars (Poveda, Ruiz & Allen 1967; Leonard & Duncan 1990 ; see also Kroupa 1998; Pflamm-Altenburg & Kroupa 2006; Gvaramadze, Gualandris & Portegies Zwart 2009b; Gvaramadze & Gualandris 2010) , or whether they can also form in situ (in the field and/or in low-mass clusters; e.g. Oey et al. 2004; Parker & Goodwin 2007) .
